Pilus assembly in bacteria typically occurs by one of four pathways. In the study by Xu et al., the structures of 20 pilin subunits of human oral and gut Bacteroidales are elucidated, revealing a new pilin superfamily, assembled into pili by a distinct fifth pathway.
Pili or fimbriae are thin appendages composed of polymerized pilin subunits that extend from bacterial cells and are produced by numerous phylogenetically distinct bacteria. These structures mediate diverse functions, including biofilm formation, adherence to host molecules, adherence to other bacteria, twitching motility, and DNA exchange. Pilus synthesis and assembly typically follow one of four previously described pathways: the chaperone-usher pathway, the alternate chaperone-usher pathway, the curli biogenesis pathway, and the type IV pathway (reviewed, Proft and Baker, 2009 ). Very little is known about pilin structure and pilus assembly in humanassociated Bacteroidales members. In a study in this issue of Cell, Xu et al. (2016) crystalize and analyze the structures of 20 pilins from Bacteroidales species of human oral and gut origins. They reveal a large superfamily of structurally related pilins in the phylum Bacteroidetes and propose a new mechanism of pilus assembly in these bacteria.
The order Bacteroidales contains numerous species that are abundant members of the healthy human gut microbiota and other species that are pathogens in the oral cavity. The properties and biological functions of fimbriae (attachment pili) have been extensively studied in the oral pathogen Poryphyromonas gingivalis, but pili are relatively unstudied entities in symbiotic gut Bacteroidales. Indeed, few studies have identified pili on gut Bacteroidales (van Doorn et al., 1987; van Doorn et al., 1992) . The fimbriae of P. gingivalis are essential for the organism's ability to cause disease and are involved in numerous pathogenic properties, including binding to other bacteria in biofilms and attachment to and invasion of host tissues (reviewed, Enersen et al., 2013) . In terms of assembly, it has previously been shown that the major structural protein, FimA, is made as a lipoprotein, which is transported to the outer membrane where the N terminus is proteolytically cleaved prior to its incorporation into the pili (Shoji et al., 2004) . To study the structural aspects of these pili and to better understand the mechanism by which they are assembled, Xu et al. (2016) crystalized 20 putative pilin subunits, including two well-studied pilins (fimbrillins) from P. gingivalis and 18 putative pilins from seven different gut Bacteroides and Parabacteroides species. Structural analyses reveal that these pilins are part of a superfamily that shares a common structural core but are otherwise highly divergent. The 20 pilins clustered into three structural groups, with tip and stalk pilins in one group, anchor/base pilins in another, and proteins containing the motif Mfa_ like_1 (PF13149) in the third. The pilus is shown to be assembled in a tip-tobase manner with the tip pilin monomer incorporated first, followed by stalk pilin subunits and an anchor pilin subunit at the base ( Figure 1A, insert) .
These structural analyses, combined with biochemical and mutational analyses, suggest a model of pilus assembly in these bacteria. The major stalk pilins are polymerized in a head-to-tail conformation in which the incoming pilin's C-terminal strand binds the N-terminal grove of the previously added pilin. Tip pilins, at the outermost portion of the pilus, are structurally similar to stalk pilins but their C termini are distinct and contain diverse structural elements, including ligand binding sites and C-type lectin domains, which likely contribute to binding specificity. Tip, stalk, and anchor pilins are all synthesized as lipoproteins, which in the Bacteroidetes typically localize to the outer surface of the bacterium. At the surface, tip and stalk pilins are proteolytically cleaved, removing the lipid moiety and numerous amino acids of the N terminus, creating the N-terminal groove necessary for pilus elongation. Anchor pilins, however, are structurally distinct and do not contain an N-terminal proteolytic cleavage site. Rather, the lipid moiety remains on the pilin, preventing further chain elongation and allowing the pilus to be anchored to the outer membrane via the lipid. This pathway of pilus synthesis and assembly is distinct from the other four described systems. In fact, as lipoproteins in most of the well-studied Gramnegative bacteria are typically anchored to the inner leaflet of the outer membrane and are present largely in the periplasm, pilus assembly in these bacteria would not proceed through this newly described system.
The lack of knowledge of pili and pili biosynthesis loci in gut Bacteroidales species is largely due to the fact that these pilins do not share sequence similarity with pilins of other bacteria. Elucidation of these Bacteroidales FimA superfamily pilin structures allows for a global analysis of their prevalence in bacteria using profile-profile analyses based on the structures. These analyses reveal that the gut Bacteroidales contain a tremendous number of pilin genes, some organisms with as many as 21 distinct pilin encoding regions, many with numerous pilin genes per region. Our analysis of these data for B. fragilis strain NCTC 9343 reveal that many of these pilin-encoding regions are subject to phase variation by the reversible DNA inversion of their promoter regions ( Figure 1B, insert) . In fact, numerous regions encoding molecules with previously unknown functions regulated by DNA invertases Mpi, Tsr15, Tsr19, Tsr25, and Tsr26 (Coyne et al., 2003; Roche-Hakansson et al., 2007; Weinacht et al., 2004) are among those now shown to contain pilin genes. One such region has been previously shown to encode numerous lipoproteins and confers an aggregative, adherent phenotype when the promoter is locked in the ON orientation, although no pilus structure was observed (Weinacht et al., 2004) . Another of these phase-variable regions was shown to be involved in increased production of outer membrane vesicles (Nakayama-Imaohji et al., 2016) . This study raises many questions for future analyses. It will be interesting to determine what other components are necessary for pilus assembly and to determine if the numerous pilins in the gut Bacteroidales can all be incorporated into pili. In terms of function, we know nothing about the properties that the pili of gut Bacteroidales confer to these organisms. Structural analyses indicate that the common pilin fold gives rise to extreme diversity so that different pilins will interact with diverse molecules. In the gut, these pili may mediate interactions with other bacteria, with the host mucus and other host components, and with food particles. Understanding these interactions will help to determine why the gut Bacteroidales have the genetic potential to synthesize such an extensive array of phase variable pilins and how this property contributes to their fitness in the human gut microbiota.
